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•  Medical / Industrial / Environmental applications of nuclear physics : 

 1) Detection 

  - CMOS sensors 

  - neutron detectors 

  - gamma spectrometry 

  - passive dosimetry (TLD, SNTD, RPL, ...) 

 

 2) Monte Carlo simulation 

  - micro-dosimetry (Geant4-DNA) 

  - dosimetry/radioprotection (Geant4, GATE, MCNP) 

  

•  Members : 4 researchers , 2 engineers, 1 Post-Doc, 2 PhD  
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•  Monte Carlo medical dosimetry 

 - Organ dose in interventional radiology     

 - In/out-of field dosimetry in radiotherapy  

 - Dosimetry in nuclear medicine (90Y radioembolization)     

  

•  Nuclear activation 

 - Neutrons production in hadron therapy 

 - Industrial food irradiation (photo-nuclear activation)  

 

•  Radioactivity measurements 

 - Airborne gamma spectrometry 
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15/06/17 Logiciel Monte Carlo en Radiologie Interventionnelle 2

CONTEXTE

Intervention sous rayonnements X
faisceau primaire en rouge, faisceau di,usé en jaune

�Radiologie interventionnelle

– Procédure médicale utilisant la radiographie à des 1ns diagnostiques 
ou thérapeutiques

�Problématiques de radioprotection

– Personnel : optimisation de l’exposition liée au faisceau di6usé

– Patient : estimation de l’exposition en cas de dépassement du seuil 
d’apparition d’e6ets déterministes

�Objectifs cliniques

– reconstruire la dosimétrie du patient en post-opératoire à partir des données des interventions

– optimisation du placement du personnel grâce à la visualisation de leur exposition durant l’intervention

Statistical Analysis

Descriptive and summary statistics
were calculated with use of Access
2000 (Microsoft). Some data manipu-
lation was performed with Excel 2000
(Microsoft). Confidence intervals (CIs)
were calculated with use of Excel 2000
and standard techniques for determin-
ing CIs with the Student t distribution
(25). Scatter plots, trend lines, and lin-
ear regressions were also performed
with Excel 2000. Tests for statistical
significance were performed with SAS
version 8 (SAS Institute, Cary, NC).
For continuous data, t tests were used
to test the significance of differences
between two groups and analyses of
variance were used to test the signifi-
cance of differences among three or
more groups. The significance level
was set at 0.05. For frequency data, !2

tests were used, with a significance
level of 0.05.

RESULTS

Physics Evaluations

During the course of the project, 48
comprehensive physics evaluations
and 581 periodic consistency checks
were reported for the 12 fluoroscopic
units included in the study. For the
comprehensive physics evaluations,
the normalized data sets yielded a
mean of 1.03 (95% CI: 1.00–1.05) for
the fluoroscopic data and a mean of
0.93 (95% CI: 0.90–0.96) for the fluoro-
graphic data. For the periodic consis-
tency checks, the normalized data sets
yielded a mean of 1.00 (95% CI: 0.98–
1.02) for the fluoroscopic data and a
mean of 1.00 (95% CI: 0.98–1.02) for
the fluorographic data. When the data
from the comprehensive physics eval-
uations and the periodic consistency
checks were combined, the root mean
square error calculations yielded stan-
dard deviations of 0.239 for fluoros-
copy and 0.227 for fluorography. The
root mean square error in clinical mea-
surement of CD is estimated at !24%.
This is well within the tolerances es-
tablished by the IEC and the !25%

limit recommended by others for over-
all uncertainty of patient dose mea-
surements (21,26). The full results of
these evaluations will be published
elsewhere.

Clinical Evaluations

Subjects ranged in age from 4 days
to 104 years (mean, 55.3 years). Of the
2,142 instances, 1,019 (47.6%) were
performed on male patients and 1,123
(52.4%) were performed on female pa-
tients. Subjects’ heights ranged from
30 cm to 208 cm (mean, 175 cm) for
male patients and from 53 cm to 196
cm (mean, 162 cm) for female patients.
Subjects’ weights ranged from 1.8 kg
to 186.0 kg (mean, 83.8 kg) for male
patients and from 3.6 kg to 215.0 kg
(mean, 71.6 kg) for female patients.

Certain procedures were prospec-
tively divided into subgroups. These
subgroups were defined by the indica-
tion for the procedure (nephrostomy,
pelvic arterial embolization, pelvic
vein embolization, embolization in the
head, and embolization in the spine),
whether stents were used (renal/vis-

Figure 1. Histogram of cumulative dose
for 135 instances of TIPS creation.

Figure 2. Histogram of cumulative dose for 382 instances of neuroembolization. Proce-
dures include embolization of head, brain, and neck lesions.

Table 3
Target Organ in 91 Cases of “Other
Tumor Embolization”

Tumor Site Number

Liver 51
Kidney 28
Duodenum 3
Scapula 2
Spleen 2
Femoral head 1
Humerus 1
Lung 1
Mesentery 1
Stomach 1
Total 91

Miller et al • 717Volume 14 Number 6

RAD-IR	Study,	Miller	et	
al.,	2003	

•  Minimally	invasive	image-guided	diagnosis	and	treatment	of	diseases	

•  Angiography,	emboliza0on,	radiofrequency	abla0on,	...	

•  High	doses	delivered	to	the	pa0ent	(some	Gy	to	the	skin,	some	100	mSv	to	the	organs)	
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Goal	:	organ	dose	calcula0on	in	interven0onal	radiology	using	DACS	system	(Dose	Archiving	
and	Communica0on	System)		
	
Collabora(on	:	IPHC	–	GE–	Mulhouse	Hospital		
	
	
(Estelle	Spasic	(GE),	Rui	Guerra	(GHR),	Zoé	Corfield	(GHR),	Nicolas	Arbor	(IPHC))	
	
Project	:	
•  GE	DoseWatch™	(DW)	is	a	mul0-modality	and	mul0-vendor	DACS	system	
•  For	interven0onal	radiology,	DW	already	proposed	skin	dose	map	func0onali0es	
•  What	about	organ	dose	calcula0on	?	(VirtualDoseIR,	homemade	algorithm,	...)	
	
	
⇒  What	precision	can	be	achieved	for	organ	dose	calcula5on	based	on	a	DACS	system	?	

	-	mul5-vendor	ó	machine	independent	
	-	DICOM	based	ó	missing/imprecise	informa5on	
	-	IR	uncertain5es	ó	beam	modelling,	pa5ent	posi5oning,	...	
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GE	DoseWatch	:	skin	dose	in	interven5onal	radiology	
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GATE	applica(ons	:	
	
•  Reference	for	organ	dose	calcula0on	(experimental	valida0on	ATOM	CIRS	+	TLD)	:	
	

	-	Interven0onal	radiology	installa0on	modelling	(Philips	Allura	Xper	FD20)	:	
	 	X-ray	beam	(spectra,	anode	heel	effect)	
	 	collima0on	and	filtering	systems	
	 	pa0ent	table	
	 	...	

	
	-	Python/GATE	tools	for	DICOM	informa0on	extrac0on	:	
	 	simula0on	of	full	exam	based	on	DICOM	data	(RDSR)	
	 	3D	pa0ent	dose	maps	calcula0ons	

	
	
•  Produc0on	of	MC	database	(and/or	correc0on	factors)	for	analy0cal	dose	algorithm		
(example	:	VirtualDose-IR	database	=	270000	MCNP	simula0ons	on	21	phantoms)	
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•  Secondary	neutrons	produced	by	beam	nuclear	interac0ons	(accelerator,	pa0ent)	

•  Neutron	dose	is	currently	not	computed	by	clinical	TPS	

•  Neutron	spectrum	ó	precise	dose	calcula0ons	(large	discrepancies	in	literature)	

42

Annexes

6

I. Introduction
2. Production de neutrons secondaires

→ pas de prise en compte des neutrons produits lors du traitement

→ on quanti.e l’énergie déposée en utilisant la dose 

D=
E

m
×wR

wR

Énergie (MeV)

Dose :

Facteur de pondération

Énergie déposée

CIPR 103

wR	

Energy	[MeV]	

H	[Sv]	=	D	[Gy]	x	wR	At	30	cm	:	5-500	mSv	for	a	full	treatment	
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Goal	:	Neutrons	characteris0cs	(energy,	angle,	...)	as	a	func0on	of	beam	parameters	
	
	
	
Collabora(on	:	IPHC,	Centre	Antoine	Lacassagne			
	
	
(Marie	Vidal	(CAL),	Daniel	Husson	(IPHC),	Stephane	Higueret	(IPHC),	Nicolas	Arbor	(IPHC))	
	
Project	:	
	
•  Develop	a	Recoil	Proton	Telescope	(RPT)	for	neutron	spectrometry	
•  Develop	small-size	CMOS	sensors	for	in-phantom	thermal/fast	neutron	coun0ng		
•  Use	systems	to	study	neutron	produc0on	and	dosimetry	in	hadron	therapy	

	
⇒  How	to	improve	neutron	dose	calcula5ons	in	clinical	TPS	?		



Neutron Production in Hadron Therapy 

2019	GATE	Collabora0on	Mee0ng 		– 		N.	Arbor		 9	

7

II. Télescope à protons de recul
1. Caractéristiques

- convertisseur (CH
2
)

n

- 3 CMOS pixelisés 
(FastPixN) → angle θ

- diode → énergie E’
p

En=
E p

cos
2θ

θ
E

p

E’p

Collision élastique → relation simple pour mesurer l’énergie du neutron

→ méthode de détection : conversion du neutron (di;cile à détecter) en proton 
(facile à détecter)

Le télescope peut mesurer des énergies dans la gamme de 5 à 30 MeV

neutrons

7x12x3 cm³ → compact

converter	(CH2)n	
	
CMOS	sensors	(θ	angle)	
	
silicon	diode	(proton	E)	
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Le télescope peut mesurer des énergies dans la gamme de 5 à 30 MeV

neutrons

7x12x3 cm³ → compact
•  Compact	(10x7x10	cm3)		

•  Real-0me	reconstruc0on		

•  High	flux	(107	n/cm2/s)	
10	cm	

10	cm	

7	cm	
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GATE	applica(ons	:	
•  Detector	design	and	prototype	op0miza0on	(CMOS	sensors,	...)	
•  Test	detector	performances	in	a	realis0c	clinical	setup	(room,	beam,	pa0ent,	...)	
•  Neutron	produc0on	physics	in	Geant4	(also	interested	in	photo-nuclear	ac0va0on)	
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Figure 12 – Distribution angulaire des neutrons pour les différents modèles nucléaires avec
coupure en énergie. Chaque contour représente la fraction du nombre total de neutrons dans une
direction donnée. L’angle représenté en degrés correspond à l’angle des neutrons par rapport à
l’axe du faisceau : 180� vers l’arrière et 0� vers l’avant. Faisceau de protons de 60 MeV.

valeur propre à chaque modèle et il sera possible de vérifier expérimentalement de quel modèle la
valeur expérimentale se rapproche le plus. Ce critère devrait permettre d’accepter ou d’exclure
le modèle INCL.
Le deuxième critère est obtenu à partir de la distribution en énergie des neutrons (figure 13),
en effectuant du comptage d’évènements à une énergie donnée. La figure montre que l’on a des
différences significatives avec le modèle BERTINI, jusqu’à un rapport 2 à 20 MeV où le télescope
à protons de recul fonctionne de manière optimale. Il est alors possible d’accepter ou d’exclure
le modèle BERTINI.
La mesure conjointe de la distribution angulaire et de la distribution en énergie des neutrons
secondaires en salle de protonthérapie devrait ainsi permettre de discriminer les différents modèles
nucléaires de Geant4 avant de l’utiliser pour le calcul de la dose neutron.

19

Neutron	angular	distribu5on		
(60	MeV	proton	on	ICRU	sphere)	

22

IV. Modèles nucléaires

→ 3 principaux modèles dans Geant4 : BIC, BERTINI, INCL

→ l’utilisation du TPR devrait permettre de diUérencier les modèles nucléaires

Energy	[MeV]	

Neutron	energy	distribu5on		
(60	MeV	proton	on	ICRU	sphere)	
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•  Helicopter	is	currently	the	reference	method	to	monitor	radioac0vity	on	large	area	sites	

•  Drone-borne	solu0on	is	cheaper,	easier...but	detector	size	is	divided	by	50	

•  Various	applica0ons	require	low	detec0on	limits	:		

Environmental	monitoring	 Radioac0ve	waste	storage	 Geology,	agriculture	
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Goal	:	Environmental	radioac0vity	measurements	with	drone-borne	system	
	
	
	
Collabora(on	:	IPHC,	SATT	Conectus		
	
	
(Emilien	Wilhelm	(SATT-IPHC),	Julien	Masseron	(SATT-IPHC),	Nicolas	Arbor	(IPHC))	
	
Project	:	
	
•  Drone-borne	gamma	spectrometry	system	
•  Data	analysis	framework	based	on	MC	database	for	spectra	processing	

	
⇒  Access	to	radionuclide	iden5fica5on	and	absolute	ac5vity	by	dealing	with	:	

	-	very	large	sta5s5cal	fluctua5ons	(al5tude,	1s	acquisi5on	5me)	
	-	complex	background	environment	(spa5al	variability,	air	radon,	...)	
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Campagnes expérimentales

03/06/2019 E. Wilhelm, Réunion EDF 7

Recherche de partenaires pour des tests en conditions réelles (03/2020) :
• Survol de sites industriels
• Comparaison à des mesures déjà réalisées sur site (cartographies, mesures in 

situ)

Début du projet 
01/02/2019

Finalisation proto. 
28/02/2020

Campagne expérimentale

Fin du projet 
31/08/2020

Développement Prototype 
+ tests en laboratoires

Illustration non contractuelleIllustration non contractuelle

Mul0-radionuclides	spectrum	

Raw	data	 Filtered	data	 "Deconvolu0on"	data	

•  Data	processing	:	analyse	raw	data	to	extract	radionuclide	spectra	
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Modélisation numérique

03/06/2019 E. Wilhelm, Réunion EDF 6

• Méthode Monte Carlo utilisée pour prendre en compte les paramètres de la
mesure : champ de vue dynamique, distribution des radionucléides,
écrantage,...

� Estimation de l'activité des radionucléides et de leurs positions par la prise 
en compte des conditions de vol, de la topographie et de l’environnement

Surfacique Volumique

GATE	applica(ons	:		
•  Use	MC	database	to	correct	radionuclide	spectra	and	compute	absolute	ac0vity	
	
•  Examples	:	

-	Field-of-view	:	

-	Source	distribu0on	:	

Surface	 Volume	

	Volume	
	Surface	

Percentage	of	total	detec(on	by	a	given	3m	x	3m	x10	cm	sec(on		
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•  Various	nuclear	physics	applica0ons	using	GATE	:	

	-	medical	:	pa0ent	dosimetry	in	imaging	and	therapy	

	-	industrial	:	sterilisa0on	process	(γ/e-	beams)	

	-	environmental	:	radioac0vity	monitoring	

	

	

•  Open	(and	happy)	to	discuss	/	share	tools	/	collaborate	

	

•  New	PhD	student	(Clement	Corneille)	star0ng	in	October	2019		

						on	neutron	produc0on	in	hadron	therapy	



Back	Up	
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Goal	:	pa0ent	dosimetry	in	VMAT	radiotherapy		
	
	
Collabora(on	:	IPHC–Centre	Paul	Strauss-CREATIS	
	
	
(Philippe	Meyer	(CPS),	Jean	Michel	Létang	(CREATIS),	Nicolas	Arbor	(IPHC))	
	
Project	:	
	
•  DICOM	based	framework	for	VMAT	dose	calcula0ons	in	RT		
•  Photon	and	neutron	3D	dose	calcula0ons		
	
⇒  How	to	complete	Treatment	Planning	System	calcula5ons	for	specific	cases	?	

	-	skin	dose	in	breast	cancer	treatment	
	

	-	out-of-field	dose	(photon,	neutron)		
	 		

	

N.	Arbor,	et	al.,,	«	A	GATE/Geant4	Monte	Carlo	toolkit	for	surface	dose	
calcula0on	in	VMAT	breast	cancer	radiotherapy	»,	Physica	Medica	61	(2019)		

H.	Elazhar	et	al.,	«	Neutron	variance	reduc0on	technique	for	GATE	Monte	
Carlo	dose	calcula0on	in	radiotherapy	»,	Physics	in	Medicine	and	Biology	
2018		



DICOM-RT		
Image	

DICOM-RT	
Structure	

DICOM-RT	
Plan	

DICOM-RT	
Dose	

Bolus		
geometry	

Calibra<on	
	HU	ó	materials	

VMAT	parameters		
ó	GATE	macros	

Voxelized phantom 

MC dose map TPS dose map 

6 MV Varian NovalisTx™    

•  No IAEA phase space available for this LINAC (not a Novalis TrueBeam™)   
•  Start modeling from e- beam (energy, width) ó splitting for X-ray production 

Flatenning	filter	

Jaws	 120	HD	MLC	
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Varian NovalisTx™ 

Data	analysis	tools	:	
-  PDD	
-  2D-gamma	index	
-  normaliza<on	factor	
-  ...	
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GATE	applica(ons	:	
•  Python/GATE	framework	for	VMAT	dose	calcula0ons	(Varian	NovalisTx)	

neutron	TLE	(nTLE)	
Actor	

Varian	TrueBeam		
(on-going	valida0on)	


